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Edited by Sandro SonninoAbstract Behavior of P-glycoprotein (Pgp) natural lipid envi-
ronment within the membrane of CEM cells expressing Pgp in
the quantities varying from 0% to 32% of the total amount of
all membrane proteins is described for the ﬁrst time. Observed
cooperative eﬀect of Pgp-induced increase of membrane stabil-
ity, decrease of the temperature of gel-to-crystal lipids transition
and predominance of the lipid liquid crystalline phase at physio-
logical temperatures should have an impact in development of
multidrug resistance phenotype of tumor cells by favoring the
Pgp intercellular transfer and Pgp ATPase activity.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The multidrug resistance (MDR) is one of the main prob-
lems in cancer chemotherapy [1,2], where P-glycoprotein
(Pgp) is one of the key proteins that determines the MDR of
cancer cells to antitumor drugs. In spite of discovery of the
Pgp for 30 years [3], its molecular mechanism of activity and
molecular determinants setting drug binding and transport re-
main to be identiﬁed. Pgp acts as an ATP-dependent pump,
which removes drugs from the cell [4–6]. The drug-removing
function of Pgp can be blocked by a number of compounds
including modulators which compete with drugs for binding
sites on Pgp or non-hydrolyzable ATP analogs which deprive
Pgp of the energy source for pump operation. The main prob-
lem in developing eﬃcient Pgp modulators is a lack of infor-
mation on the mechanisms of interactions of the protein
with its modulators, substrates and lipid environment.
The stimulation or inhibition of the ATP activity of Pgp by
various drugs and also the transport functions of Pgp areAbbreviations: MDR, Multidrug resistance; Pgp, P-glycoprotein
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doi:10.1016/j.febslet.2006.07.069strongly dependent on the lipid environment [7]. For example,
the aﬃnity at which verapamil and vinblastine bind to Pgp in
the presence of phosphatidyl choline is higher than that in the
presence of phosphatidyl serine and phosphatidyl ethanol-
amine [8], and the addition of ﬂuidizers (e.g., benzyl alcohol)
decreases the daunorubicin and vinblastine transport rate [9].
A diﬀerential scanning calorimetric study showed [10] that
the Pgp molecule interacts with approximately 430 lipids,
whereas the theoretically calculated number is 144–216 [11].
This discrepancy may be explained by the fact that mem-
brane-binding segments of Pgp partially perturb the second
layer of phospholipids, which interact with nucleotide-binding
domains of the protein [10].
In this paper, we have studied the membrane fractions of hu-
man lymphoblastic leukemia Pgp-free CEM cells and CEM-R
cells with a MDR phenotype determined by Pgp progressively
expressed in quantities from 0% to 32% from the total amount
of all membrane proteins. We have prepared stable monolay-
ers from these membrane fractions containing various levels
of expressed Pgp but exactly the same composition of all other
proteins, and investigated eﬀects of Pgp on its natural lipid
environment using Langmuir–Blodgett and Raman spectro-
scopy techniques. Analysis of the monolayers compression
dynamics shows that the presence of 11–24% of Pgp does
not change the monolayer surface area but signiﬁcantly de-
creases its stability. A further increase in Pgp content to 32%
leads to a threshold increase of stability and a 1.5-fold increase
in the area of the monolayer. Additionally, Raman spectros-
copy data show that the increase of Pgp content to 32% in-
duces a 7 C drop of the temperature of gel-to-crystal lipid
transition and increase in the cooperativeness of the transition,
resulting in predominance of the lipid gauche-conformers
below the melting temperature. The radius of the formed
Pgp-lipid domains is found to be 15–20 nm with lipid density
in such domains lower than that in the absence of Pgp.2. Materials and methods
The drug-resistant human lymphoblastic leukemia CEM-R cell
lines, resistant up to 10 lg/ml of vinblastine, were established from
the parental CEM cell line and grown in the presence of drug. Three
resistant cell lines were used with Pgp content of 11%, 24% and 32%
(w/w) of the total membrane proteins, respectively (Fig. 1). Membrane
fractions of sensitive (without Pgp) and resistant (low to high Pgpblished by Elsevier B.V. All rights reserved.
Fig. 1. Overexpression of Pgp in diﬀerent MDR cell lines. Plasma membranes prepared from diﬀerent cell lines were solubilized in sample loading
buﬀer containing SDS and then resolved on 8% SDS–PAGE. (A) SDS–PAGE coomassie-stained gel. (B) Western blot revealed with anti-Pgp
monoclonal antibody C219. Lane 1 corresponds to membrane fraction of CEM-sensitive cells (Pgp-free); lanes 2, 3 and 4 correspond to membrane
fraction of resistant cell lines CEM which present a percentage of Pgp of 11%, 24% and 32% (w/w) of total membrane proteins, respectively. Each
lane contains 10 lg membrane proteins in both A and B. MW, molecular weight marker.
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tailed characterization of the absolute protein content and relative con-
tent of Pgp was published by Dong et al. for this cellular model [12].
The comparison of the electrophoretic patterns showed that Pgp is
the only overproduced protein in plasma membrane and the other pro-
teins composition is unchanged. Brieﬂy, 109 cells were thawed in buﬀer
containing 50 mM Tris–HCl, pH 7.4, 50 mM NaCl, 2 mM EDTA,
2 mM PMSF, 2 lM leupeptin and 4 lM pepstatin A and sonicated.
The membrane extract was then loaded onto a discontinues sucrose
gradient (45%, 31% and 16% sucrose in 10 mM Tris–HCl, pH 7.4).
After ultracentrifugation at 4 C for 18 h at 100000 · g, the mem-
branes fractions were collected at the 16/31% sucrose interface, corre-
sponding to puriﬁed plasma membrane. After ultracentrifugation at
4 C for 1 h at 100000 g, the pellets were suspended in 10 mM Tris–
HCl buﬀer, pH 7.4, and the protein concentration was determined
by the colorimetric method of Bradford. Proteins from plasma mem-
brane of cell lines sensitive and resistant were resolved by electropho-
resis on 8% SDS–PAGE gels and were stained by Coomassie R-250 or
transferred to nitrocellulose membrane overnight. The gel stained with
Coomassie Blue was scanned and quantitatively analyzed with the
BIO-1D software. Immunoblotting was performed according to [12].
Pgp was detected with mouse antibody P-glycoCHEK C219 (Cento-
cor Diagnostics). HRP-conjugated anti-mouse secondary antibody was
obtained from Jackson Immunoresearch Laboratories and the blot
was developed by using the ECL kit from Amersham.
For Raman spectroscopy measurements, plasma membranes from
the CEM and CEM-R cells were triply washed by the centrifugation
and placed in 0.9 mm inner diameter capillaries. The sample was
thermostated in a home-made temperature-controlled cell. Tempera-
ture of the samples was controlled with precision ca. 0.5–1 C. Raman
spectra were collected with a PHO (Coderg) double Raman spectrom-
eter equipped with an RCA photo-multiplier. Coherent Innova Ar+
ion laser operating at 488 nm was used for the excitation. Spectra
were recorded with 2 cm1 scanning step, 1 s time constant. Each
spectrum was obtained as a sum of 30 independent scans. Melting
points for the membrane samples were determined using a tempera-
ture dependence of the Raman CH-stretching bands. The local tem-
perature in the region of sample laser irradiation was controlled
using microthermocouple. The diﬀerence between the local tempera-
ture and temperature supplied by thermostatic unit was nearly 2 C.
The temperature scale of Fig. 3 was corrected according to this diﬀer-
ence.
Monolayers from membrane fractions extracted from Pgp-contain-
ing cells were produced and studied using a Lauda Film Balance (Ger-
many) and NIMANFT (UK, Germany) setups operating as a
Langmuir balance. The subphase was taken to be distilled water,
10 mM Tris–HCl buﬀer (pH 6.5), and 10 mM phosphate buﬀer (pH
7.0) at room temperature (20 C). To form a monolayer, 3–10 ll of a
solution of membrane fractions (with a concentration of 3.4–3.8 mg/
ml protein) was applied onto the thoroughly cleaned surface of thesubphase between the movable and measuring barriers. The monolayer
was kept for about 10 min and then was compressed at a constant rate
of 1 cm/min by the movable barrier; simultaneously, we recorded the
isotherms of the surface pressure p and the surface potential Dw as
functions of the monolayer area A per certain weight of the protein
in the monolayer.3. Results and discussion
Despite numerous studies on lipid [13] and lipid–protein [14]
monolayers and ﬁlms by the Langmuir–Blodgett technique,
the data on production (to say nothing about investigation)
of monolayers of fragments of native proteins are very meager.
We have previously developed methodology of preparation of
stable monolayers of fragments of biomembranes and various
membrane proteins such as bacteriorhodopsin, rhodopsin and
Na,K-ATPase in their native lipid environment [15–17]. In this
paper, we have used this methodology to prepare monolayers
of CEM cells membrane fractions with diﬀerent Pgp concen-
trations. The collapse pressure of the monolayers prepared
on the surface of 10 mM phosphate buﬀer or 10 mM Tris–
HCl buﬀer was 30–40 mN/m, which indicates that the mono-
layers are stable [18]. The optimal subphase composition is
provided by 10 mM Tris–HCl buﬀer at pH 6.5. Monolayers
of Pgp-free membrane fractions and also fractions with the
maximum (32%) Pgp concentration are characterized by the
highest collapse pressure (Fig. 2, curves 1 and 4), i.e., are most
stable.
Comparison between the surface pressure p versus the
monolayer area A isotherms for monolayers prepared from
membrane fractions extracted from sensitive cells and resistant
cells with diﬀerent Pgp concentrations showed that, when the
concentration of Pgp increases from 0% to 11%, the area of
the monolayer rises, whereas further increase in the Pgp con-
centration provokes a decrease of this area (Fig. 2). Thus,
the dependence of the monolayer area on the Pgp concentra-
tion is markedly nonlinear.
Electron microscopy studies demonstrated [19] that the
shape of the Pgp molecule is close to a cylinder about 10 nm
in diameter. Therefore, surface area occupied by one Pgp mole-
cule is approximately 100 nm2. Simple estimations show that
Fig. 2. Isotherms of the surface pressure p (1–4) and the surface
potential Dw (5–8) as functions of the area A of monolayers formed
from membrane fractions isolated from CEM sensitive cells (1, 5) and
CEM-R cells containing elevated Pgp concentrations of 11% (2, 6),
24% (3, 7) and 32% (4, 8).
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is approximately 4 cm2. Therefore, it is reasonable to assume
that areas of monolayers produced from membrane fractions
containing from 24% to 32% Pgp are within the range 1.0–
1.4 cm2. However, an experimental estimation of the change
in the monolayer area due to the change in the Pgp concentra-
tion based on the diﬀerence between the curves 1–4 in Fig. 2
provides us with the much larger values. This diﬀerence be-
tween the experimental and theoretical data may be caused
by two eﬀects. Firstly, the replacement of a part of low-molec-
ular-weight (20–40 kDa) proteins by Pgp molecules of molecu-
lar weight 170 kDa [20] may decrease the monolayer area. This
eﬀect is most likely to take place at low Pgp concentration.
Secondly, increase in the Pgp concentration can change the
lipid layer structure both by disturbing the lipid–lipid interac-
tions and by enhancing speciﬁc Pgp–lipid interactions. A sim-
ilar eﬀect related to a change in the packing of lipid molecules
in monolayers as a consequence of their interactions with some
proteins was observed earlier [21,22]. The character of the in-
crease in the monolayer area due to the increase in the Pgp
concentration in the monolayer suggests that, because of the
lipid–lipid interaction, the lipid layer around the Pgp molecule
becomes looser. This causes an increase in the area of this layer
and a nonlinear increase in the total monolayer area with
increasing Pgp concentration. Apparently, the superposition
of these eﬀects initially decreases the area of a monolayer of
membrane fraction isolated from resistant cells (at a Pgp con-
centration below 11%) and then increases this area (at a Pgp
concentration of 24–32%).
Important information on the Langmuir monolayer struc-
ture is provided by surface potential measurements. Fig. 2 pre-
sents the isotherms of the surface potential of monolayers
produced from membrane fractions isolated from sensitive
cells and multidrug-resistant cells with diﬀerent Pgp concentra-
tions. A common feature of all the isotherms is a jump in the
potential (Dw) of 200–250 mV. This jump is determined by the
formation of a monolayer of lipid molecules. In the mono-
layer, lipid molecules are oriented so that their dipole momentsare parallel. The diﬀerence of potential across a monolayer is
given by the expression
Dw ¼ 4ple1NAC sinH;
where l is the dipole moment of a molecule in the monolayer,
H is the angle between the dipole moment of the molecule and
a normal to the interface on which the monolayer is formed,
NA is Avogadro’s number, C is the surface density of mole-
cules, and e is the eﬀective dielectric constant of the monolayer.
For monolayers composed of molecules of cell membrane lip-
ids, the transition in the stretched-liquid state is characterized
by a change in the potential Dw of 200–300 mV [21,23]. Thus,
in the case of formation of a monolayer most of lipid mole-
cules are oriented and their density is comparable to that in
the cell membrane. That is, the jump of potential indicates
the moment when most of lipid molecules are organized into
a monolayer.
For a membrane fraction of sensitive cells, the jump of po-
tential coincides with the point in time when the monolayer
surface pressure begins to rise because of the transition of
the monolayer in the stretched-liquid state. The pressure rise
causes compaction of the monolayer, during which there is a
quasi-linear increase in the surface density C of lipid molecules
(Fig. 2, curve 1) and, as a consequence, a virtually linear in-
crease in the monolayer surface potential Dw (Fig. 2, curve
5). The linearity of the increase in the potential during the
monolayer membrane fraction of sensitive cells compression
suggests that proteins contained in a membrane fraction of
sensitive cells do not contribute to the monolayer surface po-
tential. By the moment of formation of the oriented mono-
layer, proteins have been in the ‘‘organized’’ state and the
monolayer rigidity is primarily determined by the rigidity of
lipid molecules.
The presence of Pgp molecules in membrane fractions essen-
tially changes the character of the monolayer formation. The
jump in potential corresponding to the formation of a lipid
monolayer is detected well before the moment when the pres-
sure begins to markedly rise. As we continue the monolayer
compression, the jump of potential is followed by a region of
constant potential. The increase in the potential is resumed
when the surface pressure begins to rise. The existence of the
isotherm region with Dw = constant when the monolayer area
A is increasing suggests that the monolayer contains a fraction
whose rigidity is suﬃcient for the formation of a lipid mono-
layer but is insuﬃcient to increase the surface pressure by com-
pacting lipid molecules. Apparently, at this compaction step,
Pgp molecules are rearranged from the surface-stretched state
into a dense structure. The surface pressure begins to rise only
when the rigidity of Pgp molecules becomes comparable to the
rigidity of the compacted lipid monolayer. Here, the compres-
sion of the Pgp-containing monolayer becomes identical to the
compression of the monolayer produced from a membrane
fraction of sensitive cells: with increasing pressure, the surface
potential increases almost linearly due to an increase in the sur-
face density of lipids. The rate of increase in the potential (the
slope of the linear portions of the Dw versus A isotherms) is
virtually independent of the Pgp concentration and is equal
to the rate of increase in the potential of the monolayer pre-
pared from a membrane fraction of sensitive cells. Thus, at this
compression step, the Pgp structure remains unchanged and
Pgp has no noticeable eﬀect on the compression.
Fig. 3. Raman spectra and temperature dependence of the C-H
stretching Raman bands. Panel A: CH-stretching region in the Raman
spectra of the membrane fractions of sensitive CEM (a) and Pgp-
overexpressing CEM-R (b) cells. Panel B: Temperature dependence of
the stretching C-H bands in Raman spectra of sensitive CEM
(triangles) and Pgp-overexpressing CEM-R (diamonds) cells.
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linearly varies with the Pgp concentration. This suggests that
dipole moments of the Pgp molecules in the stretched state
do not interact with one another, as well as with dipole mo-
ments of the surrounding lipid molecules. Conversely, for the
Pgp molecule in the compressed state (in the quasi-linear por-
tion of the p versus A isotherms), the monolayer area varies
with the Pgp concentration essentially nonlinearly. Thus,
unlike Pgp molecules in the stretched state, Pgp molecules in
the compressed state change the structure of the surrounding
lipid monolayer so that the monolayer area increases.
The linearity of the dependence of the monolayer area at
which the jump of potential takes place on the Pgp concentra-
tion enables one to estimate the area occupied by the Pgp mol-
ecule in the stretched state. Under the assumption that, at zero
surface pressure (at the moment when a monolayer begins to
be formed), the phospholipid molecule occupies, on the aver-
age, an area of about 1 nm2 [21]; then, the total area occupied
by lipids is 5–6 cm2/lg. This estimate seems quite reasonable,
because the weights of proteins and lipids contained in an or-
dinary cell membrane are approximately equal [24] and, for the
membrane fraction of sensitive cells studied in this work, the
areas occupied by the protein and lipid components are proved
to be comparable. In this case, the area per 1 lg Pgp protein
can be estimated as
S ¼ Slipids þ CPgpSPgp þ ð1 CPgpÞSproteins;
where S is the total monolayer area, Slipids is the area occupied
by lipids, SPgp is the area occupied by Pgp, Sproteins is the area
occupied by proteins other than Pgp, and CPgp is the Pgp frac-
tion in the total membrane protein content.
From the estimated area Slipids = 5.5 cm
2/lg and the experi-
mental areas of monolayers prepared from membrane frac-
tions with diﬀerent Pgp concentrations at the moment when
the potential jump takes place, the area occupied by the Pgp
molecule in the stretched state is estimated as
SPgp = 39 ± 5 cm
2/lg. That is, at a Pgp concentration in mem-
brane fractions of 11%, 24%, and 32%, the areas occupied by
this protein are 6%, 10%, and 14%, respectively. This means
that the area occupied by the Pgp molecule in the stretched
state is substantially larger than the area occupied by the
Pgp molecule in the state in which this molecule occurs in
the cell membrane. Note that the rigidity of the Pgp molecule
in the stretched state is comparable to the rigidity of the lipid
monolayer.
Another approach to estimating the parameter under discus-
sion is to determine the average distance between Pgp mole-
cules in a monolayer at a surface pressure of 20 mN/m (such
a pressure is characteristic of cell membranes). The areas of
monolayers produced from 1 lg of fractions containing 11%,
24%, and 32% Pgp are 6.3, 8.4, and 13.3 cm2, respectively.
Hence, the average distances between Pgp molecules in the cor-
responding monolayers are 32, 29, and 30 nm, respectively.
Thus, the average distance between Pgp molecules in a mono-
layer is proved to be practically independent on the Pgp con-
centration (30 ± 2 nm). Similarly, at ‘‘zero’’ surface pressure
(in this case, the area is determined from the point where the
tangent to the quasi-linear portion of the p versus A isotherm
intersects the abscissa), the average distance between Pgp mol-
ecules is 40 ± 2 nm. This means that the Pgp molecule orga-
nizes lipids around itself in a speciﬁc manner. The radius of
the formed Pgp–lipid domain is approximately 15–20 nm.The density of lipid molecules in such a domain is lower than
that in the absence of Pgp. It is this fact that is the cause of the
nonlinear increase in the monolayer area with increasing Pgp
concentration.
The high frequency region of the membrane Raman spectra
contains three main lines at 2850, 2890 and 2930 cm1.
The ﬁrst two lines are attributed to CH2 symmetric and asym-
metric stretching vibrations, respectively. The last band repre-
sents a complex spectral interval that contains vibrational
components from Fermi resonance, involving the vibrations
of the methylene chain moieties and C-H symmetric stretching
modes of the methyl termini of the lipids [25]. This region is
very informative with respect to intra- and inter-lipid chain
interactions, and can be used to monitor the overall disorder
of the lipid acyl chain matrix. It is also sensitive to intermolec-
ular vibrational coupling and lateral packing of the acyl
chains.
We measured the temperature dependence of relative inten-
sities of bands at 2930 and 2850 cm1 (I2930/I2850). It was found
that the melting temperature of the membrane sample contain-
ing 32% Pgp is 22 C (Fig. 3B). This is 7 C lower as compared
to Pgp-deﬁcient membrane. We have also used the relative
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gauche- and trans-conformers of the lipid chains at diﬀerent
temperatures. At the temperatures above the melting point
(25 C for Pgp-rich membranes and 40 C for Pgp-deﬁcient
membrane, Fig. 3), this ratio was found to be the same for
both membrane fractions (I2930/I2850  1.17). In another word,
the degree of lipid chains disordering is found to be the same
for membrane fractions of sensitive and resistant cells. At
the same time, below the melting point the ratio was found
to be higher for CEM-R cells than that for CEM cells (I2930/
I2850  0.97 for Pgp-rich membranes and I2930/I2850  0.85
for Pgp-free membranes, Fig. 3). This fact indicates that the
number of gauche conformers of lipid chains in Pgp-rich mem-
brane is higher than that in Pgp-deﬁcient membrane.
It is also seen from Fig. 3 that the presence of Pgp narrows
down the temperature interval of gel – liquid crystal transition.
This indicates that Pgp induces the perturbation of lipid mole-
cules and this process involves all lipid molecules of membranes
containing 32% Pgp. So, all lipids surrounding Pgp molecule on
the distance of approximately 30 nm (400–500 lipid molecules)
are involved in interaction with protein. Thus, in the case of
large Pgp content, this protein may completely suppresses an
inﬂuence of all other proteins on the membrane structure.
We have demonstrated that the Langmuir–Blodgett mono-
layers prepared from membrane fractions isolated from Pgp-
free cells and from cells with the maximum (32%) Pgp
concentrations are the most stable whereas the density of lipid
molecules in Pgp-lipid domains is lower than that in the ab-
sence of Pgp. Additionally, Raman spectroscopy demonstrated
Pgp-induced 7 C decrease of the temperature of the mem-
brane gel-to-crystal transition, an increase of the lipids gauche-
conformers at the temperatures below the gel – liquid crystal
transition and an increase of the cooperativeness of this tran-
sition. Romsicki and Sharom [10] have demonstrated that
an increase of the fraction of Pgp reconstituted into of dim-
yristoylphosphatidylcholine bilayers lowered the gel to liquid-
crystalline phase transition temperature. In this paper we have
showed, for the ﬁrst time that such eﬀect of Pgp exists in its
natural lipid environment too.4. Conclusion
Described here eﬀects of Pgp on the properties of its natural
lipid environment should be certainly taken into consideration
when mechanisms of development of Pgp-induced MDR phe-
notypes of tumor cells are analyzed. Firstly, an aﬃnity to ATP
and its hydrolysis by Pgp is known to be signiﬁcantly increased
in the liquid crystalline lipid phase environment [10]. Pgp-in-
duced decrease of the temperature of gel-to-crystal lipids tran-
sition leads to predominance of the membrane liquid
crystalline phase at physiological temperatures, thus favoring
the ATPase activity of Pgp and development of MDR pheno-
type. Secondly, an increase of Pgp concentration is shown to
favor formation of stable protein–lipid microdomains with de-
creased lipid inter-domain density. Appearance of such micro-
domains, taken together with the predominance of the
membrane liquid crystalline phase at physiological tempera-
tures should be favorable for intercellular transfer of these
Pgp-containing ‘‘crystalline’’ unites.
Eﬀect of MDR phenotype acquisition by tumor cells
through the intercellular contact-mediated transfer of wholePgp-containing microdomains has been recently discovered
[26]. The eﬃciency of the transfer should depend not only on
the density of Pgp molecules on the cell surface of donor cells
[27] but also on the structure and physico-chemical properties
of Pgp-lipid domains to be transferred. It would be very
important to analyze if the other integral membrane proteins
are able to change a plasma membrane ﬂuidity in favor to
eﬀective exchange of membrane microdomains within intercel-
lular contacts and this study is the subject of our further inves-
tigations.
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